The deep terrestrial biosphere harbours a substantial fraction of Earth's biomass and remains understudied compared with other ecosystems. Deep biosphere life primarily consists of bacteria and archaea, yet knowledge of their co-occurring viruses is poor. Here, we temporally catalogued viral diversity from five deep terrestrial subsurface locations (hydraulically fractured wells), examined virus-host interaction dynamics and experimentally assessed metabolites from cell lysis to better understand viral roles in this ecosystem. We uncovered high viral diversity, rivalling that of peatland soil ecosystems, despite low host diversity. Many viral operational taxonomic units were predicted to infect Halanaerobium, the dominant microorganism in these ecosystems. Examination of clustered regularly interspaced short palindromic repeats-CRISPR-associated proteins (CRISPRCas) spacers elucidated lineage-specific virus-host dynamics suggesting active in situ viral predation of Halanaerobium. These dynamics indicate repeated viral encounters and changing viral host range across temporally and geographically distinct shale formations. Laboratory experiments showed that prophage-induced Halanaerobium lysis releases intracellular metabolites that can sustain key fermentative metabolisms, supporting the persistence of microorganisms in this ecosystem. Together, these findings suggest that diverse and active viral populations play critical roles in driving strain-level microbial community development and resource turnover within this deep terrestrial subsurface ecosystem.
Dow Microbial Control, Houston, TX, USA. *e-mail: mjwilkins@gmail.com B acteria and their viruses are two of the most abundant and genetically diverse entities on Earth 1, 2 , and are inferred to play central roles in the biochemical functioning of every ecosystem studied to date. Viruses affect community turnover and resource availability via a range of interactions with their hosts. Through predation, viruses exert both top-down controls by decreasing bacterial densities and bottom-up controls by lysing cells and releasing labile cellular contents 3, 4 . During infection, viruses also influence key cellular processes, such as metabolism, division, clustered regularly interspaced short palindromic repeats-CRISPR-associated proteins (CRISPR-Cas) immunity, motility and regulation 5, 6 . Thus, while viral studies in nature remain woefully behind those of their microbial counterparts, it is clear that viruses impact ecosystem processes in diverse ways.
Hydraulically fractured shales represent an opportunity to investigate viral effects on ecosystem functioning in the deep terrestrial subsurface. Hydraulic fracturing involves the high-pressure injection of water and chemical additives into a shale formation, generating fracture networks that release oil and gas. During this process, microorganisms from the surface are concomitantly injected with water and chemicals and colonize the fractured shale. This ecosystem is characterized by high temperatures, pressures and salinities, constraining the diversity of microorganisms that inhabit it. Low genus-level diversity contributes to genomic tractability, and is coupled with relatively fast microbial growth rates that offer an opportunity to study in situ processes that might occur over hundreds or thousands of years in other deep subsurface ecosystems.
To date, viral impacts on ecosystem functioning have primarily been explored in marine, soil and host-based systems, and in the shallow terrestrial subsurface [7] [8] [9] [10] [11] [12] . Thus, although the deep biosphere represents the largest biotope on Earth 2 , our knowledge of viruses and their ecological role in the deep terrestrial subsurface is largely unknown 13 . Previously, we examined the microbial and viral diversity in a single well in the Marcellus shale formation and found evidence of ongoing virus-host interactions for the 5 bacterial and archaeal genera persisting over 300 days after hydraulic fracturing. These findings provided evidence for active viral predation in the deep terrestrial biosphere 14 . Here, we expand the data set to 5 hydraulically fractured wells (including a well from our previous study) to describe virus-Halanaerobium interactions across hydraulically fractured wells and the most extensive census of viral populations in the deep (> 1,000 m) terrestrial subsurface to date.
Results and discussion
Construction of a genomic Halanaerobium database from fractured shales. Microbial communities in shale wells are characterized by progressively lower diversity after the hydraulic fracturing process, eventually converging to a core terminal community dominated by anaerobic Halanaerobium spp. [14] [15] [16] [17] [18] . These microorganisms are of broad interest given their ability to degrade input fluid chemistries 16 , form biofilms and contribute to biofouling 15, 17 , and generate toxic sulfide 15, 16 . To understand Halanaerobium-virus interactions in this ecosystem, we created a database of 21 Halanaerobium metagenome-assembled genomes (MAGs) and isolate genomes (Supplementary Table 1 ). Five MAGs were from the Marcellus-1 and Utica-2 wells, including two from the Utica-2 well glycine betaine enrichment. In addition, 11 Halanaerobium spp. were isolated from the Utica-2 and Utica-3 wells, and we also included publicly available described Halanaerobium isolate genomes including 2 genomes from hypersaline oil reserve brines 19, 20 and 3 genomes isolated from surface environments [21] [22] [23] . Diversity of viruses in fractured shales rivals that of terrestrial and marine ecosystems. Viruses can be examined in microbial sizefraction metagenomes due to captured lytic viral infections, integrated proviruses and free lytic particles cosampled on produced fluid filters before DNA extraction. Viral sequences were identified using a combination of the presence of viral 'hallmark' genes, Pfam gene depletion, a high degree of uncharacterized proteins, a low degree of strand switching and an enrichment in short genes compared with bacterial and archaeal genes 24 . We identified 1,838 predicted viral populations (viral operational taxonomic units, viral OTUs) ≥ 5 kilobase (kb) in length, which are suggested to represent approximately species-level taxonomy by studying gene flow and selection in cyanophage populations 25 . Host diversity in hydraulically fractured shaleproduced fluids (Shannon's diversity H' = 0.61 ± 0.49 s.d.) is lower than most surface biomes where H' can exceed 10.0 (for example, grassland soils) 26 and is typically confined to less than 10 microbial OTUs ~50 days after the initial hydraulic fracturing 18 . Surprisingly, viral shale diversity was disproportionately higher, with a viral OTU accumulation curve from the five shale wells rivalling a similar curve generated from soils ( Fig. 1a) 
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, an ecosystem typically considered to be the model for high microbial diversity.
Because viruses lack a universal bar code gene for inferring taxonomy, we instead employed a genome-based network analysis of shared protein content 27 . Specifically, the 1,838 fracking viral OTUs were analysed alongside publicly available, curated bacterial and archaeal viral genome sequences 28 and metagenomes 29 . The resulting network of viral OTUs and reference sequences was clustered into viral clusters, which taxonomically approximate a viral genus 27 ( Fig. 1b and Supplementary Data 2). Viral OTUs clustering with International Committee on Taxonomy of Viruses (ICTV)-classified reference sequences were associated nearly exclusively (94.9%) with genera in the double-stranded DNA (dsDNA) viral order Caudovirales (Fig. 1b) , representing only 34.8% of the viral OTUs. Within the Caudovirales, 45.8% were in the family Myoviridae, 30.3% in the family Siphoviridae and 23.9% in the family Podoviridae. The majority of shale viral OTUs could not be assigned to ICTV taxonomic groups (46%), yet these could nevertheless be classified into 156 previously undescribed candidate viral genera; that is, genus-level groups that contained exclusively viral OTUs from fractured shales. This finding highlights the uniqueness of viral genomes unearthed in this study, comparable with the previously undescribed candidate genera found in the Global Oceans Viromes data set (658 previously undescribed candidate genera from 104 viral-targeted samples) 28 and in soils (451 previously undescribed candidate genera from 214 microbial-targeted samples) 9 , ecosystems with significantly higher host diversity than fractured shales. a, Viral OTU accumulation curve, contrasting OTUs detected in a study of soil/ peat samples 9 with viruses detected in hydraulically fractured shale wells. Only shale-derived viral sequences ≥ 10 kb are compared to soil sequences. b, Bar graphs show the numbers and taxonomy of viral OTUs detected at each site throughout the sampling periods. Data from wells M-4 and M-5 were combined for clarity. Viral populations that did not cluster with any reference genomes, but other viruses from hydraulically fractured wells, were defined as constituting 'previously undescribed genera.' Viral population singletons that did not cluster with any other viral populations were defined as 'unknown genera'. 'Other' includes viral populations with taxonomies: unclassified Caudovirales (n = 24), dsDNA unclassified (n = 4), dsDNA Corticoviridae (n = 2), single-stranded DNA Inoviridae (n = 4) and unclassified viruses (n = 3). c, Venn diagram showing the distribution of shared and site-specific viral OTUs. An asterisk indicates that no viral OTUs are shared between all sites. M-1, Marcellus-1, 1 well; M-4/5, Marcellus-4 and Marcellus-5, 2 wells; U-2, Utica-2, 1 well; U-3, Utica-3, 1 well.
Despite this strong shale viral signature, no single viral OTU was shared across all four sites, indicating that the high viral diversity observed in hydraulically fractured shales may be site-specific (Fig. 1c ). This suggests a potentially strong founder effect or very rapid diversification processes in these wells, which are essentially closed ecosystems after the hydraulic fracturing process. While the sequences identified in this study are probably not indigenous, further study is needed to definitively determine their original source. Viral OTUs were then further classified into viral genera, using a network analytic based on shared protein content with viruses having official viral taxonomy by the ICTV 28, 30 . Despite the lack of shared viral OTUs across sites, 17 genera (6.5%) were shared across sites, including 2 genera within the Siphoviridae, 1 genus within the Myoviridae and 14 previously undescribed shale genera ( Supplementary Fig. 1 ). This observed pattern is probably due to the different levels of taxonomic resolutions examined; specieslevel taxonomy captures specific virus-host interaction dynamics, whereas genus-level taxonomy typically represents how the virus replicates, packages and transports its genome.
Linking viruses to Halanaerobium hosts. Given the prevalence and dominance of Halanaerobium reported by many studies across geographically and geologically distinct shales 14, [16] [17] [18] [31] [32] [33] [34] , we next identified the viruses associated with Halanaerobium hosts and examined their temporal abundance patterns in detail. Two methods were used to identify viruses as having Halanaerobium host(s). First, using an oligonucleotide frequency dissimilarity measure 35 , we determined that 21.6% of viral OTUs were putatively associated with at least 1 of the Halanaerobium genomes included in this study (Supplementary Data 2) , consistent with the dominance of this genus in the community. Second, using a more stringent method, we matched CRISPR-Cas spacer sequences from Halanaerobium MAGs and isolate genomes to viral protospacers in 32 viral OTUs (Supplementary Data 2) .
Next, we contrasted the relative abundances of Halanaerobiumassociated viral OTUs with temporal patterns of Halanaerobium 16S ribosomal RNA gene relative abundances across the five wells (Fig. 2) . This revealed nearly identical temporal patterns between viral and Halanaerobium relative abundances, similar to the correlation observed with cyanophage and Synechococcus spp. 36 . Because this pattern could be driven by integrated prophage in Halanaerobium genomes, we examined the fraction of predicted viral sequences with a putative lysogenic lifestyle in input and produced fluids. Fifty of the predicted viral sequences were identified as integrated prophage, and an additional 55 viral sequences were identified as having a putative lysogenic lifestyle based on gene annotations such as integrase and excisionase genes. We found that predicted lysogenic viruses made up a significantly higher percentage of the viral pool in produced fluids compared with input fluids (produced fluids mean = 24.9%, s.d. ± 10.4%; input fluids mean = 4.41%, s.d. ± 4.0%) (Supplementary Fig. 2 ). In the temporally resolved data sets, especially notable were 2 separate crashes in Halanaerobium relative abundances that occurred in both Utica wells (U-2, U-3) between days 75 and 105 and were coordinated to changes in viral abundances. This tight coupling between viral and host relative abundances (Spearman's rho = 0.828, P < 0.001) suggests that Halanaerobium strains in shale fluids are surviving despite predation from free viruses and induction of prophage. Given the central role that Halanaerobium plays in the functioning of this ecosystem [14] [15] [16] [17] , viral infection of Halanaerobium populations would probably impact key ecosystem processes including carbon cycling, biofouling and sulfidogenesis.
We next leveraged our most highly resolved time series of metagenomic data supplemented with cultivation and genomic sequencing from the Utica-2 well. Instead of examining the aggregate abundances of Halanaerobium spp. and viral OTUs, we examined a genome-resolved view of Halanaerobium and viral dynamics ( Fig. 3 and Supplementary Data 2 and 3) . Halanaerobium spp. strains have high average nucleotide identity values across shared genomic regions, ranging from 99.76% to 100.00% (Supplementary Table 2 ). For example, comparisons of the Halanaerobium isolates WG6 and WG7 reveal that they share identical genomes, including the same prophage, with the exception that Halanaerobium WG6 has a type I CRISPR-Cas system and 15 spacers that the WG7 isolate lacks. This taxonomic resolution allows us to uncover virushost dynamics at the strain level.
Halanaerobium isolates and MAGs show large temporal changes in relative abundance between days 86 and 105 in the Utica-2 data set (Fig. 3a) . The MAG genome 5U2 shows a unique pattern, dominating during this early period and declining below detection during the remainder of the sampling period. Other isolate and MAG genomes show a similar response between days 106 and 175, although less dramatic than in earlier time points, and show relatively stable abundances between days 176 and 302. Due to the stable geochemical conditions in these wells 18 , lack of external inputs after the hydraulic fracturing process and absence of other bacterial predators (for example, protozoa, Bdellovibrio spp.), we infer that these changes in Halanaerobium strain abundances could be due to viral predation. A decrease in the abundance of one Halanaerobium genotype creates niche occupancy for another Halanaerobium strain to fill. These abundance patterns are similar to those of Halanaerobium-associated viral OTUs (Fig. 3b) , with those detected early in the sampling time period (86-105 days) decreasing to negligible abundances at later time points, when other viral OTUs become abundant. Additionally, these viral OTUs show the most dynamic abundance behaviour during days 106-175, with relatively stable abundances during days 176-302, similar to the Halanaerobium genotypes.
The few studies that have resolved the dynamics of viruses and their hosts in vivo at fine temporal scales (that is, days to weeks) have either focused on the human microbiome 37 or relied on in vitro assays using a limited number of hosts 38 . The complex virushost abundance patterns observed in this ecosystem are a likely result of both the viral requirement of host cells for growth and the fact that viruses are the only predator in hydraulically fractured shales. This predation pressure enhances natural selection in ecosystems, as acquisition of immunity by a Halanaerobium strain could lead to near extinction of the virus. Conversely, increased virulence risks extinction of the host population. This evolutionary relationship is driven by co-adaptation that supports the reproduction and very existence of both virus and host 39 . Here, within a single well, highlighting the dynamics of host genomes within a single genus and their associated viruses, we see an intricate pattern of virus-host interactions. These dynamics suggest that complex mechanisms affect host defence and viral counter-defence in this ecosystem 40 .
Viruses target Halanaerobium strains during the hydraulic fracturing process. Many bacteria rely on innate and adaptive immune systems to defend against viral invasion. The CRISPR-Cas adaptive immune system provides sequence-specific protection against invading DNA through incorporation of fragments of foreign DNA from coexisting infective viruses (protospacers) into a CRISPR array as recently acquired spacers. The spacers provide an evolving, genetic memory for targeted defence against subsequent invasions by the virus. Viruses can evade or subvert CRISPR-Cas systems by accumulating mutations in the protospacers or their adjacent motifs; bacteria can counter viral evasion by accumulating spacers from the viral genome.
To further elucidate Halanaerobium-viral interactions in this ecosystem, we analysed Halanaerobium isolate genomes and MAGs for the presence of CRISPR-Cas arrays. CRISPR-Cas systems were detected in 14 of the 21 Halanaerobium genomes and were dominated by type I CRISPR-Cas ( Fig. 4 and Supplementary Table 1) . Next, we sought to leverage the archival nature of CRISPR-Cas array spacers in the microbial genomes to reveal the details of specific virus-host interactions. To date, few studies have successfully linked CRISPR-Cas array spacers in host genomes to protospacers in viral genomes in nature. One example is a study that analysed CRISPR-Cas arrays from acid mine drainage over a 5-year period to elucidate the genetic interplay between Leptospirillum and the AMDV1 virus 41 . In a hypersaline lake ecosystem study, 20 viral populations were matched to spacers in metagenomic samples from a database of 140 viral populations detected across 17 samples 42 .
Here, we detected a total of 649 spacers within the Halanaerobium genomes and were able to match 151 spacers (141 perfect matches, 10 with a single base pair mismatch) to protospacers in 32 viral OTUs. No links were found to viruses in the RefSeq database and links were only detected between Halanaerobium and viral OTUs sampled from oil and gas wells. These viral and host populations may be endemic to the deep terrestrial subsurface in oil and gas reservoirs, although further metagenomic samplings of wells for energy production, including the study of their viral communities, are necessary to determine whether this is the case.
We queried CRISPR-Cas array composition from Halanaerobium MAGs across temporal metagenomic samples to determine whether spacers were being acquired during the sampling period. We found that Halanaerobium 5-U2 and Halanaerobium 6-U2 had acquired 1 and 8 spacers, respectively, over 216 days (Supplementary Fig. 3 ).
In an earlier study, we found that 1 Halanaerobium MAG, Halanaerobium 1-M1, had acquired 2 spacers over a 247-day sampling of this genome 14 . These spacers were not incorporated at the leader end of the CRISPR-Cas array as is usually observed. While this may be an artefact of an assembly error in the array, ectopic spacer incorporation has previously been observed in Streptococcus thermophilus 43 , and may suggest a mutation in the array leader sequence. In all three cases, none of the recently acquired spacers matched sequences in our viral database. Recently acquired spacers may represent low-abundance viruses whose sequences were not assembled, and may have remained at low abundance due to the immunity conferred to Halanaerobium by recent spacer incorporation. However, the combination of observed virus dynamics and the acquisition of spacers by Halanaerobium genotypes during the sampling period provides additional lines of evidence that viral predation and host immunity are active in these ecosystems.
Analysis of the virus-host network (Fig. 4) established that 66% of the 9 genomes with detected links had multiple spacer links to the same viral OTUs 44, 45 . Strikingly, a CRISPR-Cas array in the Halanaerobium 6-U2 MAG with a total of 43 spacers had 20 links to the same viral sequence. This may be because mutations in a viral protospacer sequence would require a Halanaerobium host to acquire new spacer sequences to maintain immunity to the mutated virus, or could reflect how different members of a population might incorporate different spacers when challenged with the same virus. Additionally, more than half (57.1%) of the viral OTUs with matching protospacers were linked to multiple Halanaerobium genomes. These data suggest that many of these viral OTUs have a broad host range, infecting multiple Halanaerobium hosts. In addition, these data imply long-term coexistence of Halanaerobium with the viruses detected in this study.
We specifically then asked whether any Halanaerobium genome had acquired CRISPR-Cas-mediated immunity to a prophage carried by another Halanaerobium strain. In our viral genomic data set, we identified 50 viruses with a putative lysogenic lifestyle Table 3 ). Members of this viral genus showed conserved gene order and shared homologous sequences ( Supplementary Fig. 4 ). Viruses in VC68 were linked to three MAGS and two isolate Halanaerobium genomes by CRISPR spacer matches. The Halanaerobium 1-M1 MAG had three CRISPR-Cas links to the prophage that was identified in the genome of H. salsuginis, isolated from a traditional oil well in Oklahoma
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. Additionally, the H. salsuginis genome has a CRISPR-Cas array with two spacers matching viruses in this data set of Utica and Marcellus formation-derived viruses. This implies that, while viral OTUs appear to be site-specific (Fig. 1b) , geographically distinct Halanaerobium strains in oil and gas wells have seen similar viruses (genus level). Together, these data suggest that lysogenic viruses may be an important pool of viral diversity in hydraulically fractured wells.
Environmental stressors induce Halanaerobium prophage and cause release of labile substrates into extracellular environment.
We propose that viral predation may not only exert top-down control on shale microbial communities, but may also provide an important resource to the persisting microbial community in this closed ecosystem via release of labile intracellular contents into the environment. To test this hypothesis, we evaluated our Halanaerobium isolates for evidence of prophage induction on the addition of chemical stressors. We conducted a phage-induction experiment with the isolate H. congolense WG8 by treating cultures with mitomycin C and two environmentally relevant stressors: the organic acid succinate and the heavy metal copper chloride. Eighteen hours after copper chloride and succinate treatments, cultures showed decreases in cell density of 58% and 54%, respectively, indicating cell lysis. After induction with succinate, viral particles were enriched 40× relative to preinduction counts and the burst size was calculated to be ~61 viruses per lytic event. Transmission electron microscopy analysis of postinduction succinate cultures showed tail-less viral particles of 27.5 ± 3.8 nm in diameter and Halanaerobium cell lysis concurrent with viral particle release (Fig. 5b,c) . Interestingly, while most work in viral ecology has focused on tailed dsDNA viruses so far (Caudovirales), the importance of non-tailed viruses is beginning to be recognized 46, 47 . On viral lysis, we purified and sequenced the postinduction viral DNA to reveal a single region of the WG8 genome that was enriched in the extracellular fraction. This ~45.8-kb region is characterized by genes annotated as integrase, excisionase and hypothetical proteins; is flanked by regions rich in transposases; but lacks hallmark viral genes (including putative capsid genes when searching against recently described non-tailed viruses 47 ). Collectively, these data probably explain why it was not identified using traditional de novo bioinformatic predictions (Fig. 5d) . One gene was annotated as a superinfection exclusion protein, a type of protein that is known to prevent secondary viral infections to their hosts while integrated 48 . Given that we found no genomic evidence of a CRISPR-Cas system in the H. congolense WG8 genome, this raises the question as to whether conferring superinfection exclusion to the host is a trade-off for harbouring the prophage and the subsequent potential for cell lysis.
Collectively, these data show that viral lysis of microbial biomass in this ecosystem probably exerts top-down controls on host populations. Further, lysis also exerts bottom-up controls by releasing compounds from the lysed cells that can be consumed by other populations. Extracellular metabolites were measured in culture media before and after the induction of the prophage in H. congolense WG8, revealing increases in the concentrations of seven compounds, primarily amino acids and organic acids, after viral lysis (Fig. 5e) . While members of the fractured shale community encode the genomic capacity to utilize these compounds as carbon, sulfur and nitrogen sources, the use of alanine and valine as electron donors in Stickland reactions is thought to be especially important for sustaining Halanaerobium long after the degradation of more labile input material from the initial hydraulic fracturing event 14, 49 . Our results here specifically indicate that microbial cell lysis from viral infections has the potential to support a network of interdependent microorganisms, allowing them to persist in this ecosystem. More generally, the impact of viruses on nutrient fluxes is progressively recognized, and it has been suggested that viral predation needs to be taken into account when modelling microbial food webs and ecosystem processes 3, 50 . Our results contribute to the growing body of research suggesting that viral ecological data are important for the development of predictive understanding of microbial ecosystem functioning.
Conclusion
Here, we describe a genome-resolved (via metagenomic bins and sequenced isolates) survey of the dominant bacterium, Halanaerobium spp., across hydraulically fractured wells and the most extensive census of viral OTUs in the deep (> 1,000 m) terrestrial subsurface to date. The viral diversity in this ecosystem is surprisingly high given the low host diversity, and rivals the diversity observed in terrestrial and marine ecosystems. Our results provide evidence for extensive viral predation and host adaptive immunity at the individual genome level as top-down controls on Halanaerobium populations. Virus-host interaction patterns suggest the long-term coexistence of Halanaerobium hosts and viruses. Through integrated analyses of metagenomic data and laboratory experiments, we demonstrate that active viruses also exert bottom-up controls that ultimately support microbial persistence in the fractured shales. These findings have important ramifications for understanding the dominance and persistence of multiple closely related Halanaerobium strains in this economically important ecosystem. Our results highlight the need to examine the nature of virus-host interactions across different ecosystems at the genome-resolved level.
Much of the microbial genetic diversity we observe in ecosystems is probably an aggregate of microdiverse strains grouped by similar 16S rRNA gene sequences. Making inferences based on aggregate responses obscures the complexity of virus-host interactions at relevant strain or population levels, and blurs the effects of viral predation on microbial resilience, resistance and ecosystem function. Furthermore, much of our knowledge derives from laboratory model systems that underrepresent the diversity intrinsic in natural ecosystems. Hydraulically fractured shales dominated by Halanaerobium and containing abundant, diverse viruses may be a tractable, model system for studying virus-host interactions and the effects on both host microdiversity and resulting community assembly.
Methods
Sample collection and DNA extraction. Hydraulic fracturing input fluids and shale-produced fluids were collected from wellheads and oil-gas-water separators in sterile bottles with no headspace (1-2 l) . When fluids were collected from the separator tanks, the separator tanks were flushed immediately before sample collection to minimize community changes due to incubation in the separator. Flow rates ranged from ~400,000 l per day at early time points to ~170,000 l per day at later time points, with a separator capacity of ~5,500 l. These fluids were collected from five wells in the Marcellus and Utica-Pt. Pleasant shale formations in Ohio (n = 2, Utica formation), West Virginia (n = 2, Marcellus formation) and Pennsylvania (n = 1, Marcellus formation). The two wells in West Virginia were located on the same well pad yet subjected to different hydraulic fracturing methods. Also included in analyses for viral contig identification was a sample from a laboratory-based glycine betaine enrichment experiment using fluids from the Utica-2 well (day 96 post hydraulic fracturing) 14 . Fluids were filtered on 0.22-μ m pore size polyethersulfone filters (Millipore, Fisher Scientific). Produced fluids contained high concentrations of ferrous iron (100-180 mg l -1 ). During the filtering process the oxidizing iron resulted in a natural analogue of the chemical flocculation protocol used to concentrate free viral particles 51 ( Supplementary  Fig. 5 ). Thus, the viruses sampled in this study are probably a combination of free viral particles, integrated proviruses and active, replicating viruses. Total nucleic acids were extracted from filters for the Marcellus well located in Pennsylvania as previously described 14 . For the other four wells, nucleic acids were extracted using Lysis Buffer I 52 , purified with two phenol-chloroform and one chloroform-isoamyl alcohol extractions, and precipitated with NaCl and ice-cold ethanol. Nucleic acids were stored at -20 °C until sequencing.
In this study, we sampled fluids from five hydraulically fractured wells in the Utica and Marcellus shale formations in Pennsylvania, Ohio and West Virginia, United States. These samples included 7 input fluids that were injected into the wells during the hydraulic fracturing process and 33 produced fluid samples collected from the wells during oil and gas production (Supplementary Table 4 and Supplementary Data 1) . A glycine betaine enrichment using fluid from the Utica-2 well (96 d after hydraulic fracturing) was also included in these analyses to maximize the number of Halanaerobium genomes in the database 14 . The best longitudinal sampling was obtained from the Utica-2 well, with sampling initially occurring daily when the well first started oil and gas production and gradually decreasing in frequency through 302 d after hydraulic fracturing. Collectively, these wells cover the major hydraulically fractured shale formations across the Appalachian Basin.
Metagenomic sequencing, assembly and annotation. Libraries were prepared using the Nextera XT Library System according to manufacturer's instructions. Sequencing adapters were ligated and library fragments were amplified with 12-15 cycles of PCR before quantification with the KAPA Biosystems nextgeneration sequencing library qPCR kit. Following library preparation with a TruSeq paired-end cluster kit (v4), sequencing was performed on the Illumina HiSeq 2500 platform with HiSeq TruSeq SBS sequencing kits (v4) following a 2 × 150 bp indexed run recipe. Fastq files were generated with CASSAVA 1.8.2. Fastq files were trimmed from the 5′ and 3′ ends with Sickle 53 and each sample was assembled individually with IDBA-UD using default parameters. Metagenome statistics including the amount of sequencing are detailed in Supplementary Table  1 . Scaffolds ≥ 5.0 kb were included in subsequent analyses. Scaffolds were annotated as previously described 14 .
Halanaerobium genomic analyses. Halanaerobium MAGs were obtained using manual binning by a combination of phylogenetic signal, coverage and GC content. For each bin, genome completion was estimated based on the presence of core gene sets for bacteria (31 genes) and archaea (104 genes) using Amphora2 54 . Genome completion is reported in Supplementary Table 2 . Halanaerobium bacteria were isolated as previously described 15 . Near-full-length 16S rRNA gene sequences were reconstructed from unassembled Illumina reads using EMIRGE 55 . To reconstruct 16S rRNA gene sequences we followed the protocol with trimmed paired-end reads where both reads with at least 20 nucleotides used as inputs and 50 iterations. EMIRGE sequences were checked for chimera before phylogenetic gene analyses. The relative abundance of Halanaerobium genomes was calculated using readmapping with Bowtie2 56 . Reads from each sample were mapped to genomes using multimapping zero mismatches. To be included in the abundance analyses we required that at least 90% of each genome's contigs were covered 5× by reads over a minimum of 75% of the contig length. Genome abundances were obtained by dividing the number of reads mapped by the length of the genome (normalizing for differences in sequence length) and summing the values in each sample. Then, the length-normalized values were divided by the summed value in each sample (normalizing for the number of reads mapped in each sample) (Fig. 3a) . A concatenated ribosomal tree (Fig. 4) was constructed for Halanaerobium MAGs and Halanaerobium isolate genomes using 16 ribosomal proteins chosen as singlecopy phylogenetic marker genes (RpL2, RpL3, RpL4, RpL5, RpL6, RpL14, RpL15, RpL16, RpL18, RpL22, RpL24, RpS3, RpS8, RpS10, RpS17 and RpS19). Each individual protein data set was aligned with MUSCLE 3.9.31 and manually curated to remove end gaps. Alignments were concatenated to form a 16-gene alignment and run through ProtPipeliner. Alignments were curated with minimal editing by Gblocks, with the LG model selected by ProtTest 3.4, and a maximum-likelihood phylogeny for the concatenated alignment was generated with RAxML version 8.3.1 using 100 bootstrap replicates. Viral analyses. Viral sequences were identified in all assembled metagenomes using VirSorter 24 hosted on the CyVerse discovery environment. VirSorter was run with default parameters using the 'virome' database and viral sequences with category 1 and 2 status were retained. Prophage in Halanaerobium genomes was identified using the same methods. Viral sequences were clustered into viral OTUs using the 'ClusterGenomes' (v 1.1.3) app in CyVerse using the parameters 95% average nucleotide identity and 80% alignment fraction of the smallest contig 28 . To compare viral OTU accumulation curves between soils 9 and the shale wells in this study, only viral sequences ≥ 10 kb or circular were included in the analysis (Fig. 1a) . Additionally, because the soil study referenced here included 236 metagenomes and 7 viromes the species accumulation curve was truncated at 41 samples (the number of samples in the shale data set). To detect low-abundance viruses that did not assemble in each sample, and to calculate viral relative abundance (abundance within the viral community), we used a read-mapping with Bowtie2 56 . Reads from each sample were mapped to viral OTU sequences using multimapping and zero mismatches. To be included in the viral abundance analyses we required a depth of 5× coverage across at least 75% of the viral sequence. Viral OTU abundances were obtained by dividing reads by the length of the viral sequence (normalizing for differences in sequence length) and summing the values in each sample. Then, the length-normalized values were divided by the summed value in each sample (normalizing for the number of reads mapped in each sample). A network-based protein classification was used to taxonomically place the shale-derived viral sequences in the context of known viruses according to the ICTV 28, 30 . Predicted proteins from viral contigs were clustered with predicted proteins from viruses in the NCBI RefSeq database (v75, July 2016) based on allversus-all BLASTp search with an E value of 1 × 10
, and protein clusters were defined with the Markov clustering algorithm as previously described 28, 30 and processed using vContact 27 . The stringency of the similarity score was evaluated through 1,000 randomizations by permuting protein clusters or singletons (proteins without significant shared similarity to other protein sequences) within pairs of sequences having a significance score ≤ 1 (negative control) 57 . Subsequently, pairs of sequences with a similarity score > 1 were clustered into viral clusters (~genus level 24 ) with the Markov clustering algorithm using an inflation value of 2, as previously described 28 . The resulting network was visualized with Cytoscape software (version 3.5.1) 58 using an edge-weighted spring embedded model. Reference sequences that coclustered with the shale-derived viral sequences were used to predict viral taxonomy with a last common ancestor approach. If the taxonomy of reference genomes within a viral cluster differed, majority rule was used. If viral clusters exclusively contained shale-derived viral sequences from this study, the viral cluster was termed previously undescribed. Genome synteny plots of viral OTUs in VC68 ( Supplementary Fig. 3 ) were performed using EasyFig (v2.1) 59 based on a full-genome BLASTn search.
Halanaerobium CRISPR-Cas analyses and viral host prediction. The CRISPR Recognition Tool plugin (version 1.2) in Geneious was used to identify CRISPR arrays in Halanaerobium MAGs and isolates. To identify matches between viral protospacers and Halanaerobium CRISPR-Cas array spacers we used BLASTn with an E value cutoff of 1 × 10
. All matches were manually confirmed by aligning sequences in Geneious; one base pair mismatch was allowed. Links between viral sequences and Halanaerobium were used to construct a network (Fig. 4) . Halanaerobium CRISPR-Cas systems were classified by manually examining the CRISPR-Cas proteins of annotated contigs 60 . If a Halanaerobium genome had a spacer link to a viral protospacer, the host of that viral sequence was subsequently classified as Halanaerobium. In addition to host prediction based on CRISPR analyses, we also used the oligonucleotide frequency dissimilarity (VirHostMatcher) measure 35 . The host genomes used as input to VirHostMatcher included all Halanaerobium genomes in this study; other Firmicutes such as Dethiosulftibacter spp., Frackibacter spp., Orenia spp.; and other core members of hydraulically fractured well communities 18 , including the Archaea Methanohalophilus spp., Methanolobus and Thermococcus spp. We determined which dissimilarity measure option to use based on agreement to our CRISPR-Cas links; 25 of the 32 viruses with Halanaerobium CRISPR-Cas links agreed with the d 2 * measure and those data were used to further predict viral-Halanaerobium associations.
H. congolense WG8 prophage induction. H. congolense WG8 were grown in anaerobic, defined saltwater liquid medium as described by Booker et al. 15 at 40 °C. After 72 h growth, mitomycin C (final concentration 0.5 μ g ml -1 ), succinate (100 mM), copper (II) chloride (10 mM) or anaerobic water (control) were added to triplicate incubations for each treatment. Samples of media were collected for metabolites immediately before addition of induction agents and 18 h postinduction, then filtered and sent to the Pacific Northwest National Laboratory for NMR analysis. Samples were diluted by 10% (vol/vol) with 5 mM 2,2-dimethyl-2-silapentane-5-sulfonate-d 6 as an internal standard. All NMR spectra were collected using a Varian Direct Drive 600-MHz NMR spectrometer equipped with a 5-mm triple-resonance, salt-tolerant cold probe. The 1D 1 H NMR spectra of all samples were processed, assigned and analysed using Chenomx NMR suite 8.3, with quantification based on spectral intensities relative to the internal standard. Metabolites present in each sample were determined by matching the chemical shift, J-coupling and intensity information of experimental NMR signals against the NMR signals of standard metabolites in the Chenomx library. The 1-dimensional (1D) 1 H spectra were collected following standard Chenomx data collection guidelines 61 , using a 1D nuclear Overhauser effect spectroscopy with presaturation (TNNOESY) experiment with a 100-ms mixing time, a 1.5-s presaturation pulse, 65,536 complex points, a 12-ppm spectral width, a 4-s acquisition time and at least 512 scans at 298 K. Metabolite data are reported in Supplementary Data 2. Viral particles were enumerated by epifluorescence microscopy according to Thurber et al. 62 . Cells were stained with 2.5× SYBR gold solution for 10 min in the dark and counted on a Nikon ECLIPSE CiL LED microscope. Induced burst size (BZ I ) was calculated using the following equation:
where V I is the number of viruses in the induced sample and V C is the number of viruses counted in the controls. B C and B I are the numbers of bacterial cells counted in the controls and induced samples, respectively 63 . Viral particles were purified using CsCl gradient density centrifugation and collected from the 1.3-g ml -1 layer. Viral DNA was extracted according to Thurber et al. 62 and purified viral DNA was sequenced at the Joint Genome Institute. The postinduction viral sequencing was assembled using methods described above. The putative prophage was identified based on differential sequence coverage (putative prophage coverage of 11,313× versus mean coverage of 4,539× ± s.d. 751× for contaminating microbial DNA). The putative prophage is located on the WG8 scaffold_29, bp 5,310-51,124. To identify putative capsid proteins beyond existing PFAM domains, we compiled major capsid proteins from the DJR lineage, recently highlighted as a group of non-tailed viruses both diverse and widespread in nature 47 . A custom HMM profile was created as in Kauffman et al. 47 , and predicted proteins from the putative prophage were compared to this profile using hmmsearch 64 . This search returned no hits, even with relaxed cutoffs of 30 on score. Consistently, a blastp search against the same database of DJR major capsid proteins returned no significant hits (bit score < 30 and E value < 1 × 10
−2
). Halanaerobium cells and viral particles were imaged at the Molecular and Cellular Imaging Center, Ohio State University, Wooster, Ohio. An equal volume of 2× fixative (6% glutaraldehyde, 2% paraformaldehyde in 0.1 M potassium phosphate buffer, pH 7.2) was added directly to the culture postinduction. Then, 30 μ l media was applied to a formvar and carbon-coated copper grid for 5 min, blotted and then stained with 2% uranyl acetate for 1 min. Samples were examined with a Hitachi H-7500 electron microscope and imaged with the SIA-L12C (16 megapixels) digital camera.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Code availability. All scripts and analyses necessary to perform metagenome assembly, EMIRGE, annotation and single-copy genes can be accessed from github (https://github.com/TheWrightonLab/metagenome_analyses).
Data availability
Halanaerobium isolate genome and MAGs are publicly available in the JGI Genome Portal database (http://img.jgi.doe.gov/) or in NCBI; see Supplementary Table  1 The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Software and code
Policy information about availability of computer code
Data collection
No software was used to collect data.
Data analysis
All scripts and analyses necessary to perform metagenome assembly, EMIRGE, annotation and single-copy genes can be accessed from github (https://github.com/TheWrightonLab/metagenome_analyses). Other software is listed in methods with versions listed.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
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for accession numbers. All of the metagenomic nucleotide files used in this study are publicly available through JGI or NCBI, accession numbers are listed in Supplementary Data 1.
Field-specific reporting All studies must disclose on these points even when the disclosure is negative.
Study description
Input fluids and longitudinal produced water samples from a series of hydraulically fractured wells across the Appalachian Basin were collected. These samples were used for (1) DNA extraction, (2) geochemical analyses, and (3) inoculum for the isolation of relevant microbial isolates. Metagenomic analyses were performed to track the coupled temporal dynamics of bacterial and viral populations at the strain level. Metagenomic insights were further investigated in laboratory pure culture experiments, revealing the importance of viral-induced cell lysis in driving carbon cycling within these deep subsurface ecosystems.
Research sample
All samples are input fluids or produced fluids collected at wells across the Appalachian Basin, in Marcellus and Utica shale formations.
Sampling strategy
Temporal series of produced fluid samples were collected from each well. Samples were obtained depending on access and availability at the wells. Sample size was not determine a priori.
Data collection
Rebecca Daly (first author) collected the samples, transported them back to Ohio State University, performed the DNA extractions, and submitted the samples for sequencing at JGI.
Timing and spatial scale Temporal series of samples for each well typically span the first year of well operation. Wherever possible we try to obtain samples as soon as oil and gas production starts (after the hydraulic fracturing process). As noted above, some aspects of sample collection are dependent on well access provided by our industrial collaborators, and by the status of the well (i.e., is it currently in production or not?)
Data exclusions
No data were excluded from the study.
Reproducibility
We have collected samples across multiple shale wells in the Appalachian Basin to see if trends observed in one well can be reproduced in other locations. For laboratory experiments, Halanaerobium growth curves were performed in triplicate and error bars (representing 1 standard deviation) are plotted on the graph. Similarly, NMR results are averages of triplicate samples. All attempts to reproduce experiments were successful.
Randomization
Not applicable.
Blinding
Blinding was not relevant to this study, given that it primarily involved the analyses of metagenomic datasets.
Did the study involve field work?
Yes No
Field work, collection and transport
Field conditions
Fluids from hydraulically fractured wells. Samples were all collected using the same protocol, stored under the same conditions, and processed using the same techniques.
Location
Latitude and longitude, and well depth data were submitted to NCBI for each biosample.
Access and import/export
Permission was granted by each well operator for access to the various well pads for sample collection. No permits were required.
Disturbance
No disturbance occurred as a result of our sample collection.
Reporting for specific materials, systems and methods
